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interplay between transposable elements and hybridization in nature. 48
INTRODUCTION 50 51
Transposable elements (TEs) are autonomous genetic units that are able to propagate 52 (Kidwell et al. 1977) . Conversely, if a female with PEs mates with a PE male carrier, the F1s are 81 fertile. In this case, the effects of PEs are silenced through a maternally inherited and germline-82 specific subclass of small non-coding RNAs, piRNAs (PIWI-interacting RNAs). This RNA 83 facilitated silencing mechanism is not specific to PEs and has been shown to underlie repression 84 throughout multiple classes of TEs and seems to play a role in repression across a variety of 85 plant and mammalian hybrids (Michalak 2009 ). In Drosophila, F1 sterility due to the action of 86
PEs is a simple and elegant model of how relatively simple genomic changes (i.e., the invasion 87 of a TE) can induce reproductive isolation between genotypes rapidly and potentially lead to 88
speciation (Serrato-Capuchina and Matute 2018). 89
PEs are thought to have originated in the Drosophila willistoni species group and, 90 through a horizontal transfer event mediated by an unknown vector, invaded D. melanogaster 91 (Kidwell 1992 ). In the case of D. melanogaster, despite the negative consequences associated 92 with them, PEs managed to spread through vertical transmission throughout populations on 93 every continent within 34 years (Kidwell 1983) . PEs are also present in D. simulans but not in D. the yakuba species complex has the only two known stable hybrid zones in the melanogaster 118 species group. These zones exist between D. yakuba and D. santomea (Llopart et al. 2009 ; 119
Turissini and Matute 2017), and between D. yakuba and D. teissieri (Cooper et al. 2017b) . 120
We studied whether any of the species from the yakuba species complex harbored PEs 121 and explored the phenotypic effects of recent PE invasions into an unexposed species. We 122 performed a longitudinal study across 5 locations and 5 different time points in an attempt to 123 pinpoint the early phenotypic effects of a PE invasion into novel species. We surveyed the D. 124 yakuba clade across five collection years (ranging from 2003 to 2018) to explore whether the PE 125 has spread into any of the three species. We found that D. yakuba harbors PEs, and that their 126 frequency increased from 0% to 18% but then decreased to 2%. We did not find evidence of 127 where the number of ovaries was the response of the multinomial assay and the mother and 245 father genotypes were the fixed effects. We also included the interaction between these two 246 effects to account for the interplay between the genome of the two parents. (Khurana et al. 2011) . In these females, even with 2 ovaries, their reproductive potential can be 257 limited through a lack of ovarioles (Lobell et al. 2017) . We quantified whether the genotype of 258 the mother, of the father, or the interaction between these two terms affected the number of 259 ovarioles. We analyzed the mean number of ovarioles per ovary (i.e., females with two ovaries 260 will have more total ovarioles than females with one ovary) to account for difference in the 261 number of ovaries. We excluded those females that showed completely atrophied ovarioles from 262 this analysis. We used a Poisson-distributed linear model (library stats, function 'glm' (R-Core-263
Team 2013)). To assess the significance of interactions, we followed a maximum-likelihood 264 model simplification approach (Crawley 1993) ; we first fitted a fully factorial model containing 265 all factors and interactions and then simplified it by a series of stepwise comparisons, starting 266
with the highest-order interaction and progressing to lower-order interaction terms and then to 267 main effects. regressions of females with and without PEs. This test assessed whether genotypes had inherent 287 differences in the number of ovarioles (i.e., whether the effect of genotype¾if a female is PE + or 288
PE
-¾was significant). Second, we compared the rate of decline of fertility among genotypes. To 289 this end, we quantified differences in the slope of the regressions of number of ovarioles as age 290 progressed (i.e., the interaction between female age and her genotype). To evaluate the 291 significance of the interaction, we used information obtained with the function lm as described 292 immediately above and also performed a likelihood ratio test (LRT; function lrtest, R library 293
Male fertility¾sperm motility. We scored whether F1 male progeny produced motile sperm. We 296 dissected the testes of each individual with metallic forceps (Miltex Catalogue number: 17-301, 297 first dissection. We scored 843 F1 males at 23ºC and 542 F1 males at 29ºC. To quantify the 300 effect of the genotype on sperm motility among F1 genotypes, we fitted a binomial regression 301 (library stats, function 'glm'). Whether a male had fertile sperm or not was the response of the 302 binomial model, while the mother and father genotypes were the fixed effects. We also included 303 the interaction between these two effects to account for the interplay between the genome of the 304 two parents. We used LRTs (described above) to test whether to retain the interaction and the 305 fixed effects. We found no sterile males at 23ºC, so we only fitted a single linear model at 29ºC. 306
To do posthoc tests, we used a Tukey Honest significance difference test (library multcomp, 307 function 'glht'). 308
309
Male fertility¾ progeny count. Finally, we scored whether F1 male progeny showed reduced 310 fertility despite showing normal size testes (see above). We collected F1 males from the four F1 311 genotypes raised at the two studied temperatures (23ºC and 29ºC) and mated them to virgin PE-312 females. We watched the matings to ensure they were not abnormally short (less than 10 minutes 313 (Matute and Coyne 2010)); as soon as the mating was over, we removed the male from the vial. 314
We let the female lay eggs for 10 days. After this period, we removed the females and let the 315 progeny develop at 23ºC. Every two days, we counted the progeny produced by each female 316 until no more flies emerged. We quantified the heterogeneity of the amount of progeny using a 317 generalized linear model similar to the one described above (section 'Ovariole 318 number¾statistical analyses') where the number of progeny produced by each individual female 319 was the response, the genotype of the cross and temperature at which the cross was performed 320
were the fixed effects. The code used for all analyses reported here is available on Dryad (Accession number:
RESULTS

332
Genome wide detection of P-elements in D. yakuba, D. santomea and D. teissieri 333 334
We used previously published genome sequences for isofemale lines in the D. 335 melanogaster species group to test for the presence of the PE sequence. The provenance of these 336 genomes is geographically heterogeneous and includes lines from multiple locations (Table S1) . sequenced (all collected before 2010) showed at least one read that mapped to the PE sequence, 370 albeit at low levels. Notably, all reads map to a single terminal region in Exon 3 (Figure 1 ) 371 suggesting that none of these lines had a full PE. 372
We assessed whether individuals from these populations had the full PE. is endemic to the island of São Tomé, all the lines we studied were collected in this island 395 (N=236 lines). We found no evidence for any of the four exons of the PE, strongly suggesting 396 that either the PE is not present in this species or that it segregates at a population frequency 397 lower than (1/336). Ovariole number. Hybrid dysgenesis can manifest itself not only as the absence of ovaries but 441 also through the development of "rudimentary" ovaries, i.e. ovaries with fewer ovarioles. We 442 counted the mean number of ovarioles in F1 females in the four types of F1 progeny. For these 443
analyses, we excluded all individuals that had completely atrophied ovaries and consequently no 444 ovarioles. At 23ºC we found heterogeneity across genotypes and the source of that variation was 445 the interaction between the female and the male genotype ( Figure 5A , Table S5) . Surprisingly, 446
♀PE
+ /♂PE -F1 female progeny had more ovarioles than the mean from any other cross 447 direction (an average of a 48% increase, Figure 5B ). All other crosses produced an average of 25 448 total ovarioles and were no different from each other ( genotypes. It is worth noting that our power to detect differences at 29ºC is lower as all the 458 genotypes show lower fertility than at 23ºC. Just as it occurs with ovary number, the PE-induced 459 reduction in ovariole number is temperature dependent and only occurs at high temperature. 460
461
Reproductive senescence. A third potential phenotype in hybrid dysgenesis is that PE-carrying 462 females show a rapid decrease in fertility as they age (Schnebel and Grossfield 1988) . 463
Specifically, we tested whether the presence of PEs was predictive of reproductive output 464 throughout the lifespan of females. We tested this possibility by counting the number of 465 ovarioles of females with and without PEs at five different ages for 25 days ( Figure 6 ). As 466 expected (Wayne et al. 2006) , the number of ovarioles decreases as females age (Table 3 ). The 467 intercept was similar for both types of females which indicates the initial reproductive potential 468 is similar in females carrying and not carrying PEs (genotype effect: Table 3 ). Additionally, the 469 rate of decrease (i.e., the slope of the linear regression) was not different for the two regressions 470 either (genotype by age interaction: Table 4 ). The 478 likelihood of obtaining F1 sterile males was slightly higher if the mother carried PEs (c Table S6 . 480
Second, we scored the fertility of the four different genotypes of males when they mated 481 to PE-females. When males were raised either at 23ºC or 29ºC, we found no differences in the 482 number of progeny produced between genotypes (cross effect: F 3,72 = 0.639, P = 0.593). 
PE. Notably, we find PEs vary in prevalence in the São Tomé population between collection 500
years and although our PCR scans did not detect exons on the continent it is possible that it is 501 present in continental populations at both low population and intra-genome frequencies. 502
Drosophila teissieri (and D. sechellia and, to a lesser extent, D. mauritiana) poses an 503 interesting case. The detection of PEs using short reads revealed the presence of highly 504 fragmented PEs. This might indicate that PEs were present and active in the past but they are 505 now degenerated. Certainly a larger collection of D. teissieri individuals will be needed before 506
this hypothesis can be formally tested. 507
Drosophila yakuba is the third species in the melanogaster group found to be infected by 508
PEs, and unlike other species, PEs are still actively segregating at a low frequency. Our findings 509 have three broad implications: i) that the increase in frequency of PEs is not always monotonic 510 after an invasion occurs ii) they indicate that PEs in D. yakuba cause a much milder hybrid 511 dysgenesis syndrome than that observed in D. simulans and D. melanogaster, and iii) pose the 512 possibility of transmission of PEs through hybridization and subsequent introgression. 513
Drosophila yakuba represents the latest case of an invasion of PEs in natural populations. Of all 517 the known invasions, it also represents the only case in which a decrease in PE frequency over 518 time has been noted in natural populations. In both D. simulans and D. melanogaster, the 519 invasion of PEs was discovered when it was widely distributed across worldwide populations. 520
These three invasions represent a natural system in which to explore TE spread and the evolution 521 of repressive systems to counter it. 522
A similar approach has used artificial invasions of PEs to understand how fast they occur. unique opportunity to study a transposable element invasion into a naïve genome and witness 585 how the genome adapts throughout time (Kofler et al. 2018) . 586
In Drosophila, the deleterious phenotypes of HD tend to manifest in the F1 progeny of 587
PE
-females and PE + males. We assessed the existence of four possible phenotypes associated 588 with PE-induced hybrid dysgenesis: i) presence of atrophied ovaries, ii) reduced number of 589 ovarioles, iii) early onset of reproductive senescence, and iv) reduced male fertility. These 590 defects are all associated to hybrid dysgenesis in D. melanogaster (Kidwell et al. 1977; Khurana 591 et al. 2011 ). In D. simulans, hybrid dysgenesis is known to cause atrophied ovaries but defects 592
ii-iv have not been explored in relation to PEs. Of the traits we measured, we found that the only 593 manifestation of hybrid dysgenesis in D. yakuba is an increase in the number of atrophied 594 ovaries in all crosses that involved individuals carrying full PEs, but only at 29ºC, and most 595 frequently in F1 females from the cross ♀PE -/♂PE + . This mild manifestation of hybrid 596 dysgenesis might be associated with the recent invasion of the PEs in D. yakuba, resulting in low 597 PE copy number (Nuzhdin 2000) . Currently, we have no information as the number of PE copies 598 in each D. yakuba genome, nor its distribution in the genome, but future assemblies with long 599 reads should be able to address these questions. 600 Surprisingly, we see an increase in ovariole number in F1s that result from PE+ D. 601 yakuba females being crossed to PE -D. yakuba males. This result is intriguing as it suggests a 602 potential fitness benefit to PEs into novel genomic backgrounds, a result that has not been 603 sibling species. These hybrid zones should be explored to assess potential expansions or 659 limitations of PEs across species boundaries through hybridization and introgression. 660 comparatively minor dysgenesis is caused by the recency of the invasion (which would lead to 671 potentially few copies of the PE), or the genetic background of D. yakuba. In any case, these 672 results suggest that the invasion of PEs in a genome does not have the deterministic outcome of 673 hybrid dysgenesis, and instead these deleterious effects might be modulated by the timing of the 674 invasion and/or genetic background of the invaded species. Other reports have found the same 675 element in mites which suggest the PE is present in other arthropods (Houck et al. 1991 
